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I summarize work1 done with Bamert, Burgess, Nardi and London in which we examine the effects of new physics
on Rb. Our work facilitates the identification of such new physics in case the present two-sigma deviation of
Rb from its Standard Model value should persist, or alternatively it helps to constrain new physics in case the
discrepancy continues to disappear. We consider two general classes of effects: mixing of the b or t quarks
with heavy, exotic quarks, and loop corrections to the Zbb¯ vertex. Our aim was to give an analysis which is as
exhaustive and as model-independent as possible.
1 The (late?) Rb problem
As of one day before this talk was given, there ap-
peared to be a serious discrepancy with the LEP
measurement of Rb, the ratio of the partial widths
Γ(Z → bb¯) versus Γ(Z → hadrons). Naturally,
this inspired a plethora of possible theoretical ex-
planations. In trying to judge the relative mer-
its of one extension of the Standard Model versus
another, it would be useful to have some kind of
unified framework in which to view them, so as
to be able to answer questions like “how special is
this particular model?” or “could another similar
model do the job better?” We were thus led to
consider the more general question “What kind of
new physics can increase the Zbb¯ vertex?” and to
try to answer it in as model-independent a way as
possible.
Let me first review the experimental situation
as it stood just after the Moriond 1996 conference.2
Normalizing the Zbb¯ couplings as
e
sin 2θW
b¯γµ
(
gbL(1 − γ5) + g
b
R(1 + γ5)
)
b Zµ, (1)
their Standard Model values can be expressed as
gbL = −
1
2
+
1
3
sin2 θW = −0.4230;
gbR = +
1
3
sin2 θW = +0.770. (2)
Allowing for deviations δgbL and δg
b
R of these cou-
plings from their Standard Model values, possibly
due to new physics, and performing a global fit
to the Z-pole data, one obtains the results3 sum-
marized in table 1. Column 1 shows which pa-
rameters among δgbL and δg
b
R are allowed to vary,
so that row 1 (where neither vary) represents the
Standard Model, which is a poor fit to the data.
Table 1: Global fits to Moriond Z-pole data.3
vary δgbL δg
b
R c.l. of fit χ
2/d.o.f
none 0 0 2.5% 24.7/13
δgbL
−0.0063
±0.0020 0 26% 14.7/12
δgbL 0
0.034
±0.010 37% 13.0/12
both −0.0029
±0.0037
0.022
±0.018 32% 12.5/11
This is due to the measured Rb = 0.2219± 0.0017
having been larger than the Standard Model value
of RSMb = 0.2156. Allowing δg
b
L or δg
b
R to vary in-
creases the confidence level of the fit from 2.5% to
26− 37%, a quite substantial improvement. From
a statistical point of view, it is sufficient to adjust
either of the couplings, not necessarily both, to get
an acceptable fit.
Table 1 shows that it takes a much bigger
relative change in the right-handed than the left-
handed coupling to change Rb by the amount that
was needed: δgbR/g
b
R ∼ 40% versus δg
b
L/g
b
L ∼
2%. This immediately tells us that we need tree-
level physics, for example mixing of bR with new
quarks, to get a big enough change in gbR. On
the other hand, one-loop effects or small tree-level
mixing can give a sufficiently large change in the
left-handed coupling. There is a further possibil-
ity we do not discuss, but which has been pursued
by others,4 mixing of the Z boson with a Z ′.
2 Quark mixing
2.1 b-b′ mixing
A simple way to change the Zbb¯ couplings is to
allow mixing between the b and a new exotic
b′ with both left- and right-handed components.
1
Table 2: Twelve models of b-b′ mixing that solve the Rb
problem, labeled by the isospins of the b′
L
and b′
R
.
I ′L I
′
3L I
′
R I
′
3R angle needed
1 −1 1 −1 s2L = 0.0111± 0.0032
1 −1 1/2 −1/2 ”
3/2 −3/2 1 −1 s2L = 0.0056± 0.0016
1/2 1/2 1/2 1/2 s2R = 0.052
+0.013
−0.014
0 0 1/2 1/2 ”
1/2 1/2 1 1 s2R = 0.026
+0.006
−0.007
1/2 1/2 0, 1 0 s2L = 0.8515± 0.0016
3/2 1/2 1 0 ”
0 0 1/2 −1/2 s2R>∼0.361
1/2 −1/2 1/2 −1/2 s2R = 0.361
+0.013
−0.014
1/2 −1/2 1 −1 s2R = 0.180± 0.007
The couplings become gb
L,R
→ cos2 θL,R g
b
L,R
+
sin2 θL,R g
b′
L,R
, where the mixing angles come from
the similarity transformation M → OTLMOR
needed to diagonalize the 2 × 2 Dirac mass ma-
trix M for b and b′. We were able to simplify
the range of possibilities by making three reason-
able assumptions. First of all one must assume
that M12 or M21 is nonvanishing in order to have
any mixing at all. Second, we expect the b′ to
be heavy, which is only possible if M22, the entry
corresponding to the b′ mass in the case of zero
mixing, is large. Finally we exclude Higgs boson
representations higher than doublets, since these
tend to make undesirably large contributions to
the rho parameter.
Under these assumptions there are only twelve
possible isospin assignments for the chiral compo-
nents of the b′ quark, which are listed in Table
2, along with the mixing angle needed (s2
L,R
≡
sin2 θL,R) to change g
b
L or g
b
R by the desired
amount. In almost all of these models, only one of
the two mixing angles is relevant, the other one
being suppressed by powers of the first. How-
ever for the model with I ′L = I
′
3L = 0 and
I ′R = −I
′
3R = 1/2, a combination of both left- and
right-handed mixing angles is possible, illustrated
in figure 1.
2.2 t-t′ mixing
Another possibility is that the top quark mixes
with an exotic t′, which alters the gbL coupling
sL
2
sR
2
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Figure 1: Allowed values of mixing angles in the s2
R
-s2
L
plane for model number 10 of table 2.
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Figure 2: Top quark loop diagrams that affect gb
L
.
through the loop diagrams of figure 2. These are
the same as the diagrams of the Standard Model,
except that the top quark must be replaced by two
linear combinations of t and t′, one for each chiral-
ity. Making the same assumptions about the t-t′
mass matrix as we did for that of b and b′ above,
there are again twelve possible isospin assignments
for the t′ quark, enumerated in Table 3.
The resulting change in gbL can be expressed
rather simply in the limit where both top quarks
are much heavier than the W boson, if we con-
centrate on values of mt′ so as to maximize the
magnitude of gbL. This turns out to occur when
mt′ ≪ mt, in which case a single term dominates
2
Table 3: Twelve possible models of t-t′ mixing, labeled by
the isospins of the t′
L
and t′
R
.
I ′L I
′
3L I
′
R I
′
3R
3/2 +1/2 1 +1
1/2 +1/2 1 +1, 0
1/2 +1/2 1/2 +1/2
1/2 +1/2 0 0
1/2 −1/2 1 0,−1
1/2 −1/2 1/2 −1/2
1/2 −1/2 0 0
0 0 1/2 ±1/2
0 0 0 0
the shift in gbL beyond its Standard Model value,
δgbL
∼=
α
16pis2w
V 2t′b
(
m2t′ −m
2
t
m2W
+ 6 ln
mt′
mt
)
. (3)
Here Vt′b is the element from the extended CKM
matrix which includes the t′ quark in addition to
u, c and t. The best case is when mt′ is at its
experimental lower limit of 135 GeV, in which
case δgbL = −0.0021. Although this is too small
to explain the previous LEP data which needed
δgbL = −0.0063, the recent results of ALEPH an-
nounced at this conference5 have reduced the size
of the discrepancy between theory and the world
average measurement6 of Rb = 0.2178 ± 0.0011
such that −0.0021 is now sufficient.
3 General Loop Effects
3.1 Diagonal Z Couplings
In the previous subsection we had to consider
loops involving the t′ as a special case because they
were inextricably tangled up with usual Standard
Model contributions, but here we want to consider
the effects of a general fermion f and scalar φ cou-
pling to the bL via the interaction Ly = yb¯Lφf+
h.c., and to the Z boson via
2e
sin 2θW
(
f¯γµ(g
f
LPL + g
f
RPR)f + ig
φφ†
↔
∂µφ
)
Zµ.
(4)
The relevant diagrams which modify gbL are shown
in figure 3. There are also vacuum polarization di-
agrams as in figure 4, but these cancel to a good
approximation in the ratio that defines Rb. The
result of evaluating the first four diagrams has a
(a) (b) (c) (d)
Figure 3: The important generic loops for gb
L
Figure 4: Vacuum polarization contribution which tend to
cancel in Rb.
remarkably simple expression in the approxima-
tion of ignoring MZ :
δgbL =
y2nc
16pi2
(gfL − g
f
R)F(m
2
f/m
2
φ), (5)
where nc is a color factor that is unity if φ is col-
orless and f is a color triplet, for example. The
kinematic function given by F(x) = x/(x − 1) −
x lnx/(x − 1)2 is always positive and reaches its
maximum value of 1 when mf/mφ → ∞. The
MZ = 0 approximation turns out to be better
than one would expect, since the first order cor-
rection in powers of M2Z/m
2
f is typically only 10%
of eq. (5), even when M2Z/m
2
f = 1.
A notable feature of eq. (5) is that its sign is
completely determined by the isospins of fL and
fR since g
f
L − g
f
R = I
f
3L − I
f
3R. Thus one can im-
mediately see why two-Higgs doublet models, as
well as the top quark contribution in the Stan-
dard Model, tend to decrease Rb: if f is the top
quark then If3L − I
f
3R = 1/2, which has the op-
posite sign to the tree level value of gbL, reducing
the effective coupling. In two-Higgs models with
very large tanβ, so that the bottom quark itself
can make an appreciable contribution in the loop,
the sign is such as to increase Rb.
3.2 Nondiagonal Z Couplings
It might happen that the flavor states with the
largest coupling to bL, which we shall now denote
by φ1 and f1, mix with other flavor states φ2 and
f2 to form mass eigenstates φ, φ
′ and f, f ′. Then
our previous formula (5) for δgbL must be general-
ized to something more complicated. Nevertheless
3
in certain limiting cases it becomes relatively sim-
ple again. First, if the masses are degenerate such
that mf = mf ′ and mφ = mφ′ , we get
δgbL =
y2nc
16pi2
(URU
†
Lg
f
LULU
†
R − g
f
R)11F(m
2
f/m
2
φ).
(6)
Here gfL,R are the 2 × 2 matrix generalizations
of the fermion couplings to the Z boson, and
U †LMUR is the similarity transformation that di-
agonalizes the f1-f2 mass matrix. Second, if the
fermions are much heavier than the scalars, we get
eq. (6) again, with the addition of two extra terms
that tend to cancel each other, at least in the su-
persymmetric case we will discuss below. Third,
if the scalars are much heavier than the fermions
we obtain
δgbL =
y2nc
16pi2
sin2 2θφ(g
φ
11 − g
φ
22)F
′(m2f/m
2
φ), (7)
where θφ is the scalar mixing angle and F
′(x) =
x+1
2(x−1) lnx− 1 is another positive function like F .
Thus it is once again rather easy to determine the
sign and magnitude of δRb.
An example is the supersymmetric Standard
Model where, because of the large top quark
yukawa coupling, φ1 is the right-handed top
squark t˜R, and f1 is the higgsino h˜
−
2 , or alter-
natively the fermion and scalar are the usual top
quark and one of the Higgs bosons, φ1 = h
−
2
and f1 = tR. We already explained that the
quark-Higgs contribution has the wrong sign for
increasing Rb, so one wants to minimize these
loops by taking the Higgs bosons to be very heavy.
Concentrating on the squark and higgsino, there-
fore, one must take into account their mixing
with the left-handed top squark, φ2 = t˜L and
the Wino, f2 = W˜
−. The charge matrices are
gfL = g
f
R = diag(−1/2,−1) for the fermions and
gφ = diag(0, 1/2) for the scalars. Applying the
simplifying cases 1 or 2 mentioned above, one finds
δgbL
∼= −
y2nc
32pi2
sin2(θL − sign(mf/mf ′)θR)F , (8)
and therefore to have a large shift in gbL, the
combination of chargino mixing angles |θL −
sign(mf/mf ′)θR| must be large. From this and
the form of the chargino mass matrix it is easy to
deduce that both charginos must be rather light,
and that tanβ must be close to unity. Further-
more the third simplifying limit above, that of
heavy scalars, gives the wrong sign for increasing
Rb because g
φ
11 − g
φ
22 = −1/2. Thus one needs
at least one light scalar, which naturally enough
turns out to be t˜R because this is the one that
couples directly to the left-handed b quark.
4 Summary
We have shown that a significant increase of Rb
from its Standard Model value can be caused by
new physics that changes gbR by quark mixing, or
gbL either by mixing or one loop contributions to
the Zbb¯ coupling. In the category of b-b′ mixing
we found 12 possible models using modest restric-
tions. The Standard Model t quark loop correc-
tions to gbL can also be altered by t-t
′ mixing, but
only by as much as −0.0021, corresponding to a
maximum increase of 0.0017 in Rb.
For more general kinds of loop corrections to
Rb, we have found simple approximate formulas
which gives insight into the sign and magnitude
of the change. Although the original motivation
was to make it easier to build models explaining
the former discrepancy, perhaps they will in the
future be more useful in constraining models that
arise in other contexts. It should however be kept
in mind that the world average value of Rb as of
this writing is still two standard deviations higher
than the Standard Model value, despite the recent
results of ALEPH which now agree with the Stan-
dard Model.
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